Polyethylene films were plasma treated for the purpose of affixing dyeing sites. A methanolic 10% solution of vinyl sulfonic acid (VSA) and polyethylene glycol diacrylate (PEGDA) were used to create a dyeing site-containing resin. Dipping the CF 4 plasma pretreated low density polyethylene (LDPE) films in this solution, the films were then allowed to be penetrated for 22 hours at 75 C and 0.2 MPa. After drying, the dyeing site-containing resin was fixed on the LDPE film by a further treatment with O 2 plasma. The fixation of the resin to LDPE films was confirmed by Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). From these analysis, the existence of the spectrum of -C-O and -C=O originating in PEGDA was confirmed. The presence of a sulfonic acid group of VSA was confirmed by observation of the S 2p orbital at 163.8 eV by XPS analysis. Dyeability of the functionalized LDPE films was confirmed by coloring with a cationic dye.
Introduction
Polyethylene (PE) is highly electrically insulating, water resistant, cold resistant, and process moldable. Therefore, it is used as industrial materials for items such as machine parts and wrapping films. As such, PE is present in some of the important materials in everyday life. Development and improvement of methods aimed at making PE a more efficient industrial materials and raising its ccharacteristics are being performed at a particularly rapid pace.
Surface treatment is one of the methods aimed at making PE more efficient industrial materials. PE contains no polar groups. Because its surface is hydrophobic, PE lacks adhesiveness and dye affinity. To increase hydrophilicity, surface treatments using ultraviolet [1] , glow discharge [2] [3] [4] [5] [6] [7] , and ionizing radiation [8] [9] [10] [11] [12] have been reported. Among these, glow discharge has the advantage of exerting little influence on interior macromolecular characteristics compared with other methods for surface property modification. Moreover, because a gas is used for plasma treatment, this technique can be used to process PE uniformly even for complicated PE shapes. When a PE chemical bond is exposed to plasma, the bond is broken by a plasma ion to produce an electron and a radical. A hydrophilic, oxygen-containing functional group is then generated on the surface because of atmospheric exposure, resulting in increased adhesiveness and dye affinity.
However, problems with durability of the treatment are known. Although PE hydrophilicity generally increases after plasma exposure, this hydrophilicity decreases as the time since processing increases; consequently, adhesiveness also decreases with time. For this reason, even though plasma-treated PE is easier to dye, decoloring with time is observed.
A plasmatic method of surface reformation and functional-group fixation on PE has been reported, however. It was reported the successful fixation of VEMA (vinyl methyl ether / maleic anhydride copolymer) onto the surface of low-density polyethylene (LDPE) using plasma treatment [13] . This method is expected to prove useful in the fields of medicine and biomaterials, in which excellent durability and adhesiveness of a biomaterial within the human body could be achieved by affixing DNA and cellular tissue to plasma-treated macromolecular sheets, such as PE.
Polyethylene is a polymer composed of ethylene monomers (-CH 2 -CH 2 -). Because PE lacks a functional group (such as hydroxyl, amino, carboxyl, and sulfonic acid) that can serve as a dyeing site, it is difficult to dye.
Although introduction of these functional groups by radiation-induced graft polymerization is known, many issues exist with mass production using this method, such as the availability of appropriate facilities. Moreover, although research aimed at improving PE dyeability through modification of its plasma-treated surface has been reported, dyeing site fixation onto the resin is inadequate.
In this research, LDPE films were plasma treated, and then functional groups such as sulfonic acid were attached to the film surface. Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were used to grade the degree of fixation. In addition, water contact angle measurements were employed to investigate the effects of plasma treatment. Different process gases and different ionizing conditions were also examined. Finally, the dye affinity of plasma-treated samples with confirmed functional groups was investigated with a colored dye.
Experimental

Materials
The samples used were 50-μm-thick low-density polyethylene sheets from Asahizyushikogyo Co. Ltd. The samples were cut into approximately 5 cm 2 squares and cleaned ultrasonically for 5 minutes in an acetone bath prior to use. The vinyl sulfonic acid (VSA) and polyethylene glycol diacrylate (PEGDA) monomers were reagent grade and were used as received. The VSA and PEGDA were mixed in a 1:4 stoichiometric ratio, respectively, and then diluted 10% with methanol. All other chemicals used were also reagent grade.
Plasma treatment
Sakigake Co. Ltd. YHS-GNS plasma treatment systems were used with CF 4 and O 2 as the process gases. The surface treatments were conducted with a 25 W electric output and a 13.56 MHz radio frequency for predetermined times. The CF 4 and O 2 flow rates were fixed at 1.0 and 5.0 ml min -1 , respectively.
Surface characterization
To investigate the changes in LDPE chemical composition after functional-group immobilization, FT-IR spectra were acquired using a Jasco Corp. FTIR-4300 model spectrometer equipped with an attenuated total reflectance (ATR) apparatus.
An Ulvac Corp. PHI Quantera II™ (Al K-alpha radiation, 1486.6 eV) system was used for XPS analysis. A 45-degree incident angle, a 10 -7 Pa vacuum level, and an approximately 5 min scan time were employed.
The level of surface hydrophilicity was evaluated by water contact angle measurements based on the sessile drop method with a 2-µl droplet size. The measurements were performed in an environmental test chamber at 23 C and 50% relative humidity.
Scanning electron microscopy (SEM)
The surface structures of untreated and plasma-treated samples were observed with a JSM-5600LV (JEOL Ltd.) SEM at 3.0 keV. The samples were coated with a thin layer of gold for observation.
Preparation of samples
After pretreating the PE films with CF 4 plasma for 60 seconds, the samples were placed in a VSA and PEGDA methanolic 10% solution. The samples were allowed to be penetrated for 22 hours at 75 C and 0.2 MPa. Afterwards, the films were washed with methanol and then dried. Subsequently, these samples were treated with O 2 plasma. The presence or absence of functional-group immobilization was assessed by FT-IR.
Dyeing test
The 0.1% solution of cationic dye was used to dye the samples after plasma treatment. Dyeing was performed at 90 C for 30 minutes, and then the samples were dried after flushing with water. The dye affinity was judged visually.
Results and discussion
To affix the resins to plasma-treated LDPE, choosing appropriate plasma-processing conditions was necessary. Although 40-kHz frequencies and outputs as high as 2000 W were suitable for processing the low heat-resistant LDPE used in previous research [2] [3] , nearly all other resins were degraded under such conditions. For this research, a frequency of 13.56 MHz and an electric output of 25 W were chosen. Because the effect of surface treatment using direct fluorocarbons [14] [15] and fluorocarbon plasma [16] [17] [18] have been reported, an oxygen plasma treatment with CF 4 gas was considered.
The FT-IR spectra of the samples before and after plasma treatment are shown in Figures 1 and   2 . In addition, Figure 1 shows FT-IR spectra of PEGDA-functionalized LDPE films, whereas Figure 2 shows spectra of LDPE films functionalized with the VSA and PEGDA mixture. Figure 1 a) is a FT-IR (ATR) spectrum of an untreated LDPE film. The methylene peaks were observed at approximately 718 cm -1 and 1471 cm -1 . Figure 1 b) is a spectrum of a sample in which PEGDA is applied to LDPE that was CF 4 plasma processed for 60 seconds. The -C-O stretching vibration and the -C=O stretching vibration bands were observed at approximately 1100 cm -1 and 1725 cm -1 , respectively. Figure 1  c) shows the spectrum of a sample such as that of Figure 1 b) ; however, the sample in c) is further processed by O 2 plasma exposure for 60 seconds. The addition of O 2 plasma processing decomposed the PEGDA, and spectral intensity was thereby reduced. Processing with O 2 plasma for 300 seconds or more decomposed the PEGDA to a point in which obtaining a clear FT-IR spectrum was not possible. seconds with CF 4 plasma. The SO 2 stretching vibration should be observed at approximately 1160 cm -1 ; however, the PEGDA -C-O stretching vibration at 1100 cm -1 most likely has obscured it. The spectral peak was reduced in intensity when the sample was further processed with O 2 plasma (Fig. 2 c) . Because the molecular weight of VSA is low and its viscosity is low compared with PEGDA, VSA is most likely decomposed more thoroughly than the PEGDA by O 2 plasma treatment.
The XPS C1s results are shown in Figure 3 . The 285 eV binding energy attributable to an unf SEM wer unctionalized LDPE C-C bond was observed in a). Spectrum b) shows the results after CF 4 plasma treatment. The peak of b) was noted as broader than the peak of a). With long processing times, the -C-F peak near 290 eV appeared. Spectrum c) shows an LDPE film that is treated with CF 4 plasma, attached to PEGDA, and then further processed for 60 seconds with O 2 plasma. Because PEGDA contains -C-O and -C=O in its molecular structure, a combined peak near 285 eV was observed that resulted from the -C-O peak near 287 eV and the -C=O peak near 289 eV. Spectrum d) shows an LDPE film processed such as the sample in c); however, in d), the VSA and PEGDA mixture was attached rather than PEGDA alone. Although -C-S peaks are normally observed near 286.5 eV, the -C-S peak is suspected to overlap with the -C-O peak. Additionally, because of the higher PEGDA content in the VSA/PEGDA compounding ratio, the PEGDA peak exhibited high intensity. Therefore, the presence of a sulfonic acid group was confirmed by observation of the S 2p orbital at 163.8 eV. Although the absence of an S 2p peak was not confirmed in the XPS of LDPE and PEGDA-functionalized LDPE, the -C-S peak was concluded nevertheless to be both present and overlapping with the -C-O peak, and VSA was deemed affixed to the LDPE films (Fig. 4) The SEM images after plasma treatment are shown in Figure 5 . The samples used for Water contact angle measurements are shown in Table 1 . Although untreated LDPE was hydrophobic at 86.0  0.2 degrees, its surface acquired a h 4 plasma treatment. Exposure to the CF 4 plasma broke chemical bonds, and then oxygen was attached to the damaged surface. As a result, the surface gained hydrophilicity. If the LDPE functionalized with the VSA/PEGDA mixture, the mixed resin had a lower contact angle because of the more hydrophilic sulfonic acid group processing time was increase, higher contact angles were generated because of LDPE fluorination, as evinced by the XPS results.
mparing PEGDA-functionalized LDPE with Co
The plasma-treated samples were dyed with a cationic dye. The deepest color was obtained by dyeing the VSA and PEGDA-mixed sample, and this judgment was made visually. Dyeing was possible only if LDPE resin had dyeing sites affixed to it, as the FT-IR and XPS results showed. In the future, research on dyeing site durability and color fastness will be necessary.
Conclusions
VSA and PEGDA were affixed to plasma-treated LDPE. The adhesion of these resins to LDPE was improved by a further treatment with O 2 plasma. Fixation of these resins on the LDPE surface was confirmed by FT-IR and XPS analyses. Dyeing was successfully achieved on LDPE films affixed with dyeing site-containing resins. 
